INTRODUCTION
Thyroid hormones are known to play important roles in the differentiation and maturation of specific tissues throughout the vertebrate classes. However, until recently most studies of the developmental effects of thyroid hormones in birds and mammals focused on the posthatching/postnatal effects of hormones produced by the thyroid gland of the developing young. Consequently, relatively little is known about maternal hormone effects during early embryonic development in higher vertebrates. In mammals, early work indicated that thyroid hormones did not cross the placenta readily and that the developing embryo/fetus was thus isolated from the potential effects of maternal thyroid hormones (reviews, Fisher et al., 1977; Roti et al, 1983) . However, in the late 1980s a number of studies appeared that began to change this picture. These studies found that small amounts of thyroid hormones do cross the placenta in rats and that some aspects of early development in this altricial species are dependent on maternal hormones for the development of critical tissues like the central nervous system (Morreale de Escobar et al., 1985 , 1988 , 1989 .
Concurrent with the studies cited above, evidence of hormone deposition in eggs of a number of species began to change the picture of maternal contributions of oviparous vertebrates to development of their young while in ovo. The range of maternal regulatory factors deposited in eggs may include mRNAs which result in translation of specific proteins critical to the developing embryo, a variety of specific growth-promoting hormones, growth factors and other regulatory peptides, and lipophilic hormones such as steroids, retinoic acid and thyroid hormones (reviews, Brown and Bern, 1989; de Pablo, 1989; Gilbert, 1988) . These regulatory factors can play important roles in the differentiation, maturation and growth of embryonic tissues and in the posthatching development of young.
One of the most difficult issues to address in studies of hormones and other reg-ulatory factors in eggs is the relative role(s) of maternal hormones stored in eggs vs. embryonically-produced hormones in regulating embryonic development. In birds, two examples where maternal hormones have been shown to be important in embryonic development are (1) the studies of de Pablo (1989) showing the effects of growth promoting hormones in very early embryos and (2) the work of Schwabl (1993) showing that differences in maternal testosterone stored in eggs affects the degree of aggressiveness of nestling behavior.
THYROID HORMONE CONTENT AND ITS REGULATION IN AVIAN EGGS
Thyroid hormone content of eggs Thyroid hormones of maternal origin have been measured in eggs of two galliform species, chickens (Hilfer and Searls, 1980; Sechman and Bobeck, 1988; Prati et al., 1992) and Japanese quail (Wilson and McNabb, 1997) . The yolk thyroid hormone concentrations measured by the last three of these studies are in agreement (concentrations of about 4-6 ng T 4 /g and 1.5-2.5 ng T 3 /g of yolk). These studies extracted/separated thyroid hormones and measured them by radioimmunoassay (RIA). In contrast, Hilfer and Searls, who attempted to measure hormones in unextracted yolk directly by radioimmunoassay, reported hormone concentrations 2-4 fold higher than the other studies. It seems likely that their values were inflated due to lipid interference with antibody binding in the RIAs, and it should be noted that no information about validation of their assays was provided.
Most of the thyroid hormone content of avian eggs is in the yolk; 95.0% of T 4 and 99.8% of T 3 in chickens (Prati et al., 1992) ; 78.6-95.6% of T 4 and 75.7-84.1% of T 3 in quail (Wilson and McNabb, 1997) . In quail eggs, the albumen contains low concentrations of T 4 (~1 ng/g) and T 3 (<0.3 ng/g) compared to those in yolk. Albumen concentrations of these hormones change little compared to the changes in yolk hormones when hens are dosed with T 4 (Wilson and McNabb, 1997) . In chickens eggs, Prati et al. (1992) found <5% of either hormone in the albumen of untreated hens; Sechman and Bobek (1988) were unable to detect any thyroid hormone in the albumen. The thyroid hormone content of eggs from untreated hens is about 70 ng T 4 plus 30 ng T 3 in chicken eggs with a mean egg weight of 47 g, and 20-25 ng T 4 and 7-8 ng T 3 in quail eggs with a mean weight of 8 g (Prati et al., 1992; Wilson and McNabb, 1997) . Reverse-^ (rT 3 ), which is presumed to be inactive, also was found in chicken eggs (Sechman and Bobek, 1988) , and the concentration of rT 3 in yolk (0.1-1.0 ng/g) was 7.7X that in the serum of hens. In contrast, the ratios of yolk: serum T 4 and T 3 were about 1-2 in their study. The uptake of radiolabelled iodothyronines (T 4 , T 3 , rT 3 ) into oocyte yolk from the vascular system has been demonstrated by Robinson and Tarn (1975) and Sechman and Bobek (1988) .
We investigated the variation in thyroid hormone content between eggs. Some quail hens lay eggs with little variation in hormone content, others lay eggs that vary considerably in hormone content (the standard deviation of eggs "within individual hens" ranged from 8 to 43% of the mean for that hen's eggs). When hens receiving different doses of T 4 were compared, the variation in eggs within treatment groups was similar, relative to the mean for each group (Wilson and McNabb, 1997) .
Regulation of thyroid hormone content of eggs
The thyroid hormone content of quail eggs is dependent on the thyroid status of the hen. When large numbers of hens, made hyperthyroid by two levels of oral dosing with T 4 , are compared with controls, yolk T 4 increases in direct proportion to the degree of hyperthyroidism of the hens. However, examination of individual egg T 4 content and the plasma concentration of T 4 of the hen just before laying that egg suggests some regulation of egg T 4 deposition. Specifically, within a treatment group, egg yolk T 4 concentrations are relatively constant despite variation in hen plasma T 4 concentrations.
We also attempted to determine whether hypothyroid hens would produce eggs with low thyroid hormone content. However, methimazole-treated quail hens ceased egg laying. This suggests that hens stop laying with even mild hypothyroidism, so eggs with deficient thyroid hormone content are not produced (Wilson and McNabb, 1997) .
MECHANISMS OF HORMONE DEPOSITION
Studies of the uptake of lipids and binding proteins by oocytes provide much of the basis for our current understanding of the transport of lipophilic hormones into the avian egg. Thyroid hormones may enter oocytes within apolipoprotein particles or in association with the thyroid hormone binding protein, transthyretin (TTR). It also seems likely that they may enter oocytes by energy-dependent, carrier-mediated uptake processes such as those in a number of other cell types (Docter and Krenning, 1990; Kragie, 1994; Everts et al, 1996) , or by diffusing into cells by dissolving in the lipid bilayer of the plasma membrane.
Energy storage in avian eggs is in the form of the two major lipoproteins of egg yolk, very low density lipoprotein (VLDL, a carrier of triacylglycerols), and vitellogenin (VTG, a phosphoglycoprotein). After synthesis in the liver, these lipoproteins are transported as VLDL particles, in association with binding proteins, into the ovarian follicle (chickens: Perry et al, 1984; Barber et al, 1991; quail: Elkin et al, 1995) . In the follicle, these components must cross several cell layers before reaching the oocyte membrane. The uptake of lipoproteins across the oocyte membrane is achieved by receptor-mediated endocytosis by a specific receptor to VLDL that also binds VTG (Barber et al, 1991) , or by a receptor for TTR (Vieira et al, 1995a) .
A considerable amount is known about the details of lipoprotein transport (see reviews in Barber et al, 1991; Shen et al, 1993) and retinol-TTR co-transport into oocytes (Vieira and Schneider, 1993) . Both of these transport pathways may move thyroid hormones into oocytes, but this hormone transport has not been quantified. In a preliminary report, found that in chicken egg yolk VLDL binds 84% of the T 3 present and that a component with elution characteristics like those of serum albumin binds 7%. These authors also reported that <5% of yolk T 4 is bound to VLDL, 69% is bound to a serum albuminlike fraction and 27% is bound to a TTRlike fraction.
It also may be possible to draw some inferences about transport into oocytes from studies of thyroid hormone binding to plasma proteins. In birds, most thyroid hormones are transported in the plasma by albumin and prealbumin. The concentrations of unbound (free) hormones are similar to those in many other vertebrates despite differences in the types and proportions of binding proteins (McNabb and Hughes, 1983; Larsson et al, 1985) . In adult chicken plasma 20-30% of T 4 is bound to a putative TTR in both sexes, and VLDL, low density lipoproteins (LDL), and VTG transport very little T 4 (<5 % together). Lipoproteins are more important in the binding of T 3 than T 4 , especially in laying hens where 13.5% of T 3 is bound to VLDL/LDL and 5.9% is bound to vitellogenin (Mitchell and Stiles, 1985) . Also intriguing in this regard is the presence in chicken plasma of an apolipoprotein D (apo D), a class of lipoproteins known to transport small lipophilic molecules such as retinoids and steroid hormones, with high density lipoproteins, in mammals. In chickens, this apo D also appears in the oocyte yolk (Vieira et al, 1995&) , so it is another possible transporter of thyroid hormone from the circulation to the yolk.
Based on the studies cited on thyroid hormone binding in blood and on the binding of thyroid hormones by lipoproteins in the yolk, it appears that a number of mechanisms associated with receptor-mediated endocytosis may be involved in thyroid hormone transport into avian egg yolk. However, more definitive studies are needed to determine the quantitative importance of the roles of each of these transport mechanisms. Also, the potential role(s) of both energy-dependent, carrier mediated transport and diffusion of thyroid hormones into oocytes need to be investigated. In other tissues, there are tissue-specific differences in whether both T 3 and T 4 are taken up and whether the same or different carriers transport each hormone (Everts et al, 1996) , so studies specific to oocytes are needed.
MATERNAL HORMONE AVAILABILITY TO THE EMBRYO
Yolk absorption by the embryo If thyroid hormones move into the embryo passively with yolk uptake, relatively little yolk hormone should enter the embryo until the latter part of incubation. In chicken eggs, yolk uptake for the first 13 days is about 350 mg (27 mg/d), between days 13 and 15 it is about 230 mg (115 mg/d), then uptake accelerates rapidly so it is about 1 g/day for the last two days of the 21 day incubation (Noble, 1987) . During the perihatch period, the remaining yolk sac is internalized and absorption continues. Thus, the yolk also could be a source of thyroid hormones during the first few days of posthatching life.
Most yolk uptake occurs by non-specific phagocytosis by the yolk sac membrane and some processing (e.g., hydrolysis and esterification) of the yolk lipids may occur before they pass into the embryo. Some new lipoproteins are synthesized at this stage and presumably they also may transport lipophilic hormones into the embryo. Some lipids may be taken up intact and later hydrolyzed within specific embryonic tissues (Escribano et al, 1988; Speake et al, 1993; reviews, Noble, 1987 reviews, Noble, , 1991 . Note the speculation above that apo D, which may function in lipoprotein transport from the hen to the yolk, also may be important in the movement of lipoproteins from yolk to embryo (Vieira et al, 1995ft) .
Thyroid hormone transport from yolk to embryo
There have been few attempts to measure thyroid hormone movement from the yolk to the embryo. Prati et al. (1992) found detectable T 4 in 4-day (2.5 pg/embryo, 0.042 ng/g, in 30 pooled embryos) and 6-day chicken embryos (7.4 pg/embryo, 0.019 ng/g, in three pooled embryo samples). The 4-day embryos were intact but the neck region (and presumably the thyroid) of the 6-day embryos was removed. The apparent decrease in T 4 content per unit weight they observed between incubation days 4 and 6 may be due to thyroid gland hormone content that was measured in the 4-day embryos but not in the 6-day embryos. Prati et al. (1992) state that these data provide evidence of yolk stores of maternal thyroid hormone entering the embryo. However this conclusion is based on their assumption that the thyroid gland of chicken embryos does not release hormones until about day 9Vz of incubation (see below for a discussion of this issue).
Thyroid hormones stored in the yolk disappear during incubation. In quail eggs we found essentially linear disappearance of T 4 from the yolk of eggs from hens on both T 4 doses we used. T 4 disappearance was greatest in the highest T 4 eggs; by day 15 of incubation yolk T 4 content was approaching that in yolk from eggs of control hens (Wilson and McNabb, 1997). found that 64% (72.7 ng) of the T 4 and 65% (9.7 ng) of the T 3 in egg yolk disappeared between days 13 and 19 of the 21 day incubation period of the chicken embryo. These authors point out that yolk absorption is rapid during this period but they do not quantify yolk absorption. They assumed this disappearance of yolk hormones reflected transfer of hormones into the embryo but did not measure embryonic hormone content. Thommes et al. (1984) , based on the rapid decrease in circulating thyroid hormone concentrations following thyroidectomy of chicken embryos, concluded that the embryonic thyroid glands, not yolk stores, are the principle source of thyroid hormones for chicken embryos at 13.5, 14.5 and 16.5 days of incubation.
If thyroid hormones enter embryos with nonspecific uptake of yolk, we reasoned that there should be higher hormone content of embryos in high-T 4 eggs than in controls. However, we found no significant differences in T 4 content of quail embryos (with thyroid glands removed) on days 7 or 15 (16 day incubation) from eggs containing 400 ng T 4 /yolk vs. controls containing <20 ng/yolk (Wilson and McNabb, 1997) . Thus, the simplest explanation of these data is that large amounts of T 4 are not entering the embryo but are being degraded in the yolk itself. The presence of deiodinases in yolk has not been addressed directly. However, the lack of change in yolk T 3 during incubation of quail eggs in this study argues against 5'-deiodinase activity (T 4 to T 3 conversion) in yolk but the presence of reverse-T 3 in the yolk of chicken oocytes (Sechman and Bobek, 1988) may argue for the presence of 5-deiodinase activity (T 4 to rT 3 conversion). To determine if thyroid hormones were being excreted into the allantois, we measured hormones in that compartment on embryonic day 7 in quail. Both T 4 and T 3 in the allantois accounted for < l -2 ng of hormone (Wilson and McNabb, 1997) . Studies of both 5'-and 5-deiodinase activities in yolk, as well as measurements of the quantities of key iodothyronines (T 4 , T 3 and rT 3 ) in yolk and embryos are needed to understand the fate of yolk hormones.
Transport mechanisms
In addition to playing a role in hormone storage in yolk, binding proteins may be important in the transfer of yolk thyroid hormones to the embryo and in differential uptake of hormones by different embryonic tissues. The potential production of TTR in early embryos has been addressed by studying TTR gene expression in chicken embryos. TTR mRNA was found in the extraembryonic membranes of chicken embryos by days 2 and 3, was present at high concentrations in the yolk sac at 7 days, reached 25% of adult levels in the day 5 embryonic liver, and was present in the choroid plexus from the time of its first appearance at 5-7 days (Southwell et al., 1991) . The presence of TTR mRNA does not confirm that TTR protein is being produced. However, these results suggest early embryonic potential for TTR production and the possibility of TTR transport of thyroid hormones into the embryo and into specific hormone responsive tissues. It is interesting to note, in conjunction with the presence of TTR mRNA in the choroid plexus on days 5-7 (Southwell et al., 1991) , that 55% of the thyroid hormones in 6-day chicken embryos (without thyroids), was in the brain (Prati et al, 1992) . Brain is a key tissue that requires thyroid hormones for normal development. It also has been suggested that apo D, which may transport thyroid hormones into the yolk, could transport stored thyroid hormones from the yolk into the embryo along with high density lipoprotein. Apo D is known to function in situations of high lipid transport such as in myelin reconstruction during nerve regeneration and during erythrocyte degradation in the spleen. During yolk utilization, large quantities of lipid are transported into avian embryos, so apo D could function in hormone uptake with lipid (Vieira et al., \995b) .
EFFECTS OF YOLK (MATERNAL) THYROID HORMONES ON EMBRYONIC DEVELOPMENT
The initiation of hormone production and release by the embryonic thyroid gland A major difficulty in evaluating the relative roles of embryonic vs. yolk (maternal) thyroid hormones in embryonic development is the issue of determining when the embryonic thyroid gland begins to release hormones. Studies that specify the time of first hormone appearance may simply be indicating when their assays are sensitive enough to detect the hormone, not the time of earliest hormone release. It is clear that the principle increase in hormone release from the thyroid gland of chicken embryos occurs between days 10 and 11, when the thyroid comes under the influence of the hypothalamic-pituitary-thyroid (HPT) axis (Thommes et al., 1977) . However, the thyroid gland differentiates and takes up iodide during the first few days of embryonic development, and T 4 has been detected biochemically in thyroid tissue as early as day 2 and immunocytochemically by day 5.5 (Thommes et al., 1992) . The gland is vascularized by days 6-7 and contains follicular colloid by day 7 (see reviews in Thommes et al., 1977; Prati et al., 1992) . Thommes and Hylka (1978) found detectable T 4 (0.23 ng/ml) in the plasma of 6.5 day chicken embryos. The capability for thyroid hormone release at this stage has been demonstrated; plasma T 4 and thyroid protease activity increase in response to thyrotropin treatment (see review in Thommes and Hylka, 1978) .
The unresolved issue in all studies to date is whether hormones in the circulation prior to the time of HPT axis development are from the embryonic thyroid gland or the yolk. Thus, it is unknown whether the thy-roid gland releases small amounts of hormone as soon as hormone production begins. If that is the case, both the embryonic thyroid and yolk stores of hormones may be contributing to the thyroid hormone supply to embryonic tissues prior to HPT control of the thyroid.) Immunoreactive T 4 is present in pre-follicular thyroid glands of 5.5 day chicken embryos (Thommes et al, 1992) and vascularization by day 6.0 (Thommes, 1958) suggests hormone release is likely soon after. These data argue against the assumptions of Prati et al. (1992) who suggest that "secretion of thyroid hormones from the chicken thyroid is unlikely to start before 9-10 days. Thus, iodothyronines found in the embryonic compartment before this stage of development have to be extraembryonic in origin."
Responsiveness of embryonic tissues to thyroid hormones
Three types of studies address when embryonic tissues are capable of responding to thyroid hormones, and their results suggest the potential for thyroid hormone effects at very early stages of embryonic development. The first type of study has shown that thyroid hormone receptor mRNA is present in brain, red blood cells, and yolk sac from day 4 onward (Forrest et al, 1990) . If one assumes that receptor protein is produced concurrent with the appearance of the mRNA, these results suggest capability for thyroid hormone responsiveness in some tissues very early in embryonic development. The presence of thyroid hormone receptors in the yolk sac membrane (Forrest et al, 1990 ) raises questions about whether thyroid hormones binding to these receptors may play a role in yolk sac membrane functions including the regulation of hormone transport between the yolk and the embryo. The second type of study, using labeled hormone binding, has demonstrated thyroid hormone receptors in chicken embryo brain by day 7, the earliest age examined (Haidar et al, 1983) . The third type of study, has demonstrated that thyroid hormones can trigger differentiation in certain embryonic tissues. For example, T 3 triggers cartilage to bone differentiation in 9 day pelvic cartilages from embryonic chickens cultured in a serum-free system (Burch and Lebovitz, 1982) .
Demonstration of embryonic effects of yolk thyroid hormones
In our studies of thyroid hormones in the yolk of Japanese quail eggs, we reasoned that comparisons of embryonic development in high T 4 eggs vs. control eggs could address whether yolk hormones could affect embryonic development. We compared embryos from eggs with high yolk T 4 content (from hens dosed twice daily with IX or 3X the daily thyroid secretion rate of T 4 ) with embryos from eggs of control hens (dosed with saline). In eggs from the highest T 4 group, pelvic cartilage wet weight and dry weight were increased and pelvic cartilage differentiation was accelerated, as indicated by increased alkaline phosphatase activity (a marker of differentiation). However, this effect is first apparent on day 9 of the 16 day incubation period (sampled from days 6 to 12). Only these effects on pelvic cartilage, a thyroid hormone responsive tissue, were apparent; body growth, general morphology and hatchability were unaffected. In a single experiment with T 3 dosing of hens (1 |xg twice daily), similar effects on pelvic cartilage were seen (Wilson and McNabb, 1997) . Although these results indicate that thyroid hormones stored in yolk can influence the development of a thyroid hormone responsive tissue in embryos, they leave many questions unresolved. We did not find significantly increased T 4 or T 3 content of embryos (sampled at days 7 and 15) from eggs with very high yolk T 4 content, so these data suggest many things that need to be investigated to understand how this stimulation of differentiation occurs. Very little is known about tissue differences in hormone content or hormone turnover and the local hormone supply to tissues may be important to their responsiveness. If T 3 is the hormone that binds to receptors and triggers this differentiation, local 5'-deiodinase activity may be important in conditions with high T 4 availability. Although the high T 4 in the egg has been potentially available throughout incubation, the lack of a measurable response until day 9 could be due to the tim-ing of (1) yolk (and thyroid hormone) transport into the embryo, (2) development of local 5'-deiodination in pelvic cartilage, (3) development of thyroid hormone receptors and response capability in pelvic cartilage, or (4) the length of exposure time to the hormone before a response is measurable.
